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HIGHLIGHTS 


•  P-doped  carbon  catalyst  was  prepared  via  direct  pyrolysis  of  cellulose  phosphate. 

•  The  P-doped  carbon  catalyst  showed  high  catalytic  activity  for  ORR  in  MFCs. 

•  The  high  catalytic  activity  was  ascribed  to  the  P-dopings  in  the  carbon  catalyst. 

•  This  study  provided  a  low-cost  and  promising  cathodic  catalyst  for  scale-up  MFCs. 
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Phosphorus-doped  (P-doped)  carbon  was  prepared  via  direct  pyrolysis  of  cellulose  phosphate  for  effi¬ 
cient  oxygen  reduction  catalyst  in  air-cathode  of  microbial  fuel  cells  (MFCs).  Air-cathodes  with  P-doped 
carbon  catalysts  were  assembled  by  rolling  method  and  their  performances  in  MFCs  were  studied.  A 
maximum  power  density  of  1312  ±  82  mW  m-2  was  produced  by  air-cathode  with  P-doped  carbon 
catalyst  prepared  at  1000  °C.  This  result  was  higher  than  the  air-cathode  with  Pt/C  catalyst  and  three 
times  as  that  with  P-free  carbon  catalyst  derived  from  pure  cellulose.  This  study  demonstrated  that  the  P- 
doped  carbon  derived  from  cellulose  phosphate  was  a  cost-efficient  and  promising  cathodic  catalyst  for 
scale-up  MFCs. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

As  one  of  “green”  energy  resources,  microbial  fuel  cells  (MFCs) 
have  attracted  much  attention  for  a  combination  of  electricity 
generation  and  wastewater  treatment  in  recent  years  [1,2].  Air- 
cathode  MFC  is  considered  as  one  of  the  best  scale-up  configura¬ 
tion,  since  it  does  not  require  aeration  and  the  oxygen  is  the  most 
sustainable  and  environmental-friendly  electron  acceptor  [3]. 
However,  the  slow  oxygen  reduction  reaction  (ORR)  at  the  cathode 
generally  requires  the  participation  of  catalyst.  Pt  is  believed  to  be 
the  most  effective  ORR  catalyst  for  chemical  fuel  cells,  as  well  as  in 
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MFCs.  However,  the  disadvantages  of  high  cost  and  poor  durability 
hinder  its  large-scale  use  in  MFCs  [4].  Consequently,  numerous 
efforts  were  made  to  explore  cost-efficient  alternatives  to  Pt  for 
ORR  in  the  cathode  of  MFCs.  Pyrolyzing  products  of  phthalocya- 
nines  and  porphyrins  were  firstly  developed  as  high  efficient  ORR 
catalysts  for  MFCs  [5-7].  Thereafter,  other  metal  complexes  and 
metal  oxides,  such  as  manganese  oxides  [8,9],  lead  dioxide  [10]  and 
Fe  compounds  11—14],  were  also  considered.  However,  the  long¬ 
term  instability  and  the  toxicity  blocked  their  use  in  practical  ap¬ 
plications  of  MFCs. 

Recently,  carbon-based  materials  were  wildly  used  as  the  ORR 
catalyst  in  MFCs  due  to  the  good  characteristics  of  high  electro- 
catalytic  activity,  environmental-friendly  and  relatively  low-cost. 
Nitrogen-doped  carbon-based  catalysts  [15-19]  were  demon¬ 
strated  to  exhibit  excellent  ORR  electrocatalytic  activity  in  air- 
cathode  of  MFCs.  It  was  reported  that  the  doping  heteroatom 
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played  an  important  role  for  the  improved  ORR  electrocatalytic 
activity.  In  fact,  many  other  heteroatom-doped  carbon  materials 
(such  as  P,  S,  B  and  I)  were  also  reported  to  exhibit  high  electro- 
catalytic  activity  for  ORR,  but  most  of  them  were  performed  in 
alkaline  or  acid  medium  [20-24].  The  use  of  these  catalysts  in 
neutral  condition  was  rare.  Moreover,  these  doped  carbon  catalysts 
were  based  on  the  carbon  nanomaterials,  such  as  carbon  nanotubes 
and  graphene,  and  involved  in  a  complex  preparation  process.  They 
faced  the  challenge  of  large-scale  production  and  their  use  in  scale- 
up  MFCs  applications,  e.g.  wastewater  treatment  was  hindered. 

The  future  success  in  the  cathode  of  MFCs  inevitably  requires 
low-cost  and  high-efficient  ORR  catalysts.  In  recent  years,  many 
low-cost  carbon  materials  were  developed  for  ORR  catalysts  in 
MFCs  and  showed  efficient  ORR  electrocatalytic  activities,  such  as 
activated  carbon  (AC)  [25-28],  biochar  derived  from  sewage  sludge 
[29].  However,  the  performance  of  the  AC  catalysts  varied  with  the 
preparing  methods  and  raw  materials,  while  the  biochar  catalyst 
would  bring  the  secondary  pollution  to  environment  due  to  the 
existence  of  pathogens  and  heavy  metals. 

Herein,  a  low-cost  P-doped  carbon  material  was  developed  for 
high-efficient  ORR  catalyst  in  air-cathode  of  MFCs.  It  was  reported 
that  P-doped  carbon  materials  were  mainly  synthesized  by  chemical 
vapor  deposition  (CVD)  process  or  nanocasting  method  and  the 
triphenylphosphine  was  usually  employed  as  the  P  resource.  The 
resulted  P-doped  carbon  materials  were  reported  to  show  good 
catalytic  activity  towards  ORR  in  alkaline  medium  [20,21].  The 
P-doped  carbon  materials  in  this  paper  were  prepared  by  direct 
pyrolysis  of  cellulose  phosphate  which  is  derivative  of  cellulose  and 
has  advantages  of  low  cost  and  sustainability.  The  performances  of 
the  P-doped  carbon  catalysts  in  the  cathode  of  MFCs  were  evaluated 
systematically  and  compared  with  the  Pt/C  catalyst. 

2.  Experimental 

2.1.  Preparation  of  catalyst  and  assembly  of  air-cathode 

Cellulose  phosphate  particles  (50-150  pm  in  diameter)  were 
loaded  onto  porcelain  boat  and  placed  into  an  electric  furnace 
equipped  with  a  quartz  tube.  The  samples  were  heated  to  800, 900, 
1000  and  1100  °C  with  a  heating  rate  of  5  °C  min-1  under  N2  at¬ 
mosphere,  respectively,  and  annealed  for  1  h  at  the  final  temper¬ 
ature.  The  as-prepared  carbon  catalysts  were  denoted  as  CP-800, 
CP-900,  CP-1000,  CP-1100,  respectively.  P-free  carbon  was  also 
prepared  by  pyrolysis  of  chromatographically  pure  microcrystal 
cellulose  (MC)  (Sigma-Aldrich)  at  1000  °C  for  comparison  and 
denoted  as  MC-1000.  The  element  analyses  were  conducted  by 
energy  dispersive  spectroscopy  (EDS,  Oxford  X-MAX)  and  X-ray 
photoelectron  spectroscopy  (Thermo  ESCaLAB  250).  Air-cathodes 
were  fabricated  by  rolling  method  as  previously  described  26]. 
The  mass  ratio  of  catalyst/PTFE  was  controlled  to  be  4/1.  Similar  to 
the  P-doped  carbon  catalyst  air-cathodes,  the  Pt-based  air-cathode 
in  this  paper  was  also  processed  by  rolling  method  for  the  first  time 
by  using  stainless  steel  mesh  as  current  collector  and  the  load  of  Pt 
was  controlled  to  be  about  0.5  mg  cm-2. 

2.2.  Electrochemical  test 

Linear  sweep  voltammetry  (LSV)  method  was  used  to  evaluate 
the  catalytic  activity  of  the  ORR  catalysts  in  a  three-electrode 
system  equipped  with  a  graphite  plate  counter  electrode  and  an 
Ag/AgCl  reference  electrode.  The  LSV  measurements  were 
controlled  by  a  potentiostat  (CHI660D)  over  a  voltage  range 
of  +0.3  to  -0.3  V  at  a  scan  rate  of  1  mV  s-1.  All  LSV  tests  were 
conducted  in  50  mM  PBS  solution  (pH  =  7.0  and 

conductivity  =  6.533  mS  cnrT1)  at  35  °C. 


2.3.  MFCs  construction  and  operation 

Cubic  single-chamber  air-cathode  MFCs  configuration  (4  cm  in 
length,  3  cm  in  diameter)  was  used  to  measure  the  performance  of 
MFCs  as  previously  described  [30].  Graphite  fiber  brushes  (2.5  cm 
in  length  and  2.5  cm  in  outer  diameter)  heat-treated  at  450  °C  for 
30  min  were  served  as  anodes.  All  MFCs  were  inoculated  with 
solution  from  another  MFC  which  was  inoculated  with  wastewater 
from  wastewater  treatment  plant  (Qingshan,  Nanchang)  and  had 
been  run  for  more  than  5  months.  Each  MFC  was  operated  at  35  °C 
and  fed  with  a  medium  containing  acetate  (1  g  L_1),  vitamin  so¬ 
lution  (12.5  mL  L-1),  trace  element  solution  (12.5  mL  L-1)  in 
50  mM  phosphate  buffer  solution  (PBS,  pH  is  7.0  and  contains 
10.9233  g  L-1  Na2HP0412H20,  3.042  g  L-1  NaH2P04-2H20, 
0.31  g  L-1  NH4C1,  0.13  g  L-1  KC1).  The  conductivity  of  the  medium 
was  about  6.533  mS  cm-1.  The  medium  was  refreshed  when  the 
voltage  dropped  below  100  mV,  similar  to  reference  [1]. 

A  1000  Cl  resistor  was  loaded  between  the  anode  and  air- 
cathode.  Voltage  across  the  resistor  was  measured  using  a  date 
acquisition  system  (HIOKI  LR8431-30)  at  1  min  interval.  Polariza¬ 
tion  and  power  density  curves  were  measured  by  varying  the 
external  resistance  from  100  MCI  to  30  Q,  with  each  resistor  used  for 
a  complete  cycle.  Both  the  current  density  and  power  density  re¬ 
sults  were  reported  normalized  to  the  projected  area  of  the  air- 
cathode  (7  cm2).  All  the  electrode  potentials  were  measured 
versus  the  Ag/AgCl  reference  electrode  (filled  with  saturated  KCl, 
has  a  potential  of  +0.198  V  versus  SHE).  At  least  three  measure¬ 
ments  had  been  conducted  for  each  reported  result. 

3.  Results  and  discussion 

3.1.  Materials  preparation 

The  cellulose  phosphate  is  a  kind  of  P-containing  derivative  of 
cellulose  and  show  characteristics  of  low  cost  and  renewability.  It  is 
well-known  that  cellulose  materials  can  be  used  to  make  carbon 
materials  through  a  direct  high-temperature  pyrolysis  process.  In 
this  paper,  the  cellulose  phosphate  is  chosen  as  both  the  phos¬ 
phorus  and  carbon  sources  to  synthesize  P-doped  catalyst  through 
a  direct  high-temperature  pyrolysis  process.  The  elemental  analysis 
and  content  of  the  as-prepared  carbon  materials  prepared  at 
different  temperatures  are  shown  in  Figs.  SI  and  S3.  As  shown  in 
the  XPS  (Fig.  S3),  P-doping  signal  could  be  found  in  the  cellulose 
phosphate-derived  carbons,  but  not  in  the  pure  cellulose-derived 
carbon.  It  demonstrated  that  the  P-doped  carbon  could  be 


Fig.  1.  LSV  curves  of  air-cathodes  with  different  ORR  catalysts.  Scan  rate  is  1  mV  s  \ 
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Fig.  2.  Voltage-time  curves  of  air-cathode  MFCs  based  on  different  ORR  catalysts.  (A)  CP-1000,  MC-1000  and  Pt/C;  (B)  CP-800,  CP-900  and  CP-1100.  A  external  resistor  of  1000  Q  is 
loaded  between  the  anode  and  cathode. 


prepared  by  pyrolysis  of  cellulose  phosphate.  The  P  content  in  the 
P-doped  carbon  decreased  with  increase  of  pyrolyzing  temperature 
according  to  the  EDS  spectra  in  Fig.  SI. 

3.2.  Electrochemical  performance 

LSV  was  conducted  to  evaluate  the  electrochemical  perfor¬ 
mance  of  the  P-doped  carbon  catalyst  in  the  air-cathodes  under 
neutral  condition  (50  mM  PBS,  pH  =  7.0).  As  shown  in  Fig.  1, 
compared  to  the  P-free  carbon  MC-1000  from  the  microcrystal 
cellulose  at  1000  °C,  the  P-doped  carbons  displayed  higher  cur¬ 
rent  response  towards  ORR,  indicating  that  the  P  doping  in  the 
carbon  played  a  key  role  for  the  improved  performance.  With 
increase  of  pyrolysis  temperature,  the  ORR  current  response  of 
the  air-cathodes  with  P-doped  carbon  catalysts  increased.  The 
degree  of  the  ordered  carbon  structure  and  P  content  were 


believed  to  have  the  comprehensive  influences  in  the  electro- 
catalytic  activity  of  the  P-doped  carbon.  The  Raman  spectra  in 
Fig.  S2  revealed  that  the  degree  of  ordered  carbon  structure  in  the 
P-doped  carbon  catalysts  increased  as  the  temperature  increased. 
Among  these  doped  carbon  catalysts,  the  CP-800  had  a  higher  P 
content  (Fig.  SI),  but  it  showed  lower  degree  of  ordered  carbon 
structure  according  to  the  Raman  spectra  in  Fig.  S2.  The  air- 
cathode  with  CP-1000  catalyst  prepared  at  1000  °C  showed  the 
best  performance  among  the  cathodes  with  P-doped  carbon 
catalyst  prepared  at  different  temperature,  which  was  compara¬ 
ble  to  the  cathode  with  Pt/C  catalyst  (load  0.5  mg  cm-2  Pt). 
Further  increasing  the  pyrolyzing  temperature  to  1100  °C,  the 
cathodic  performance  decreased  greatly  due  to  the  decrease  of  P 
content.  The  state  of  P  dopings  in  the  CP-1000  was  characterized 
by  XPS  (Fig.  S3).  Two  peaks  of  133.4  and  135.4  eV  (inset  of 
Fig.  S3A)  were  observed  in  the  high-resolution  spectra  of  P2p  and 


Fig.  3.  (A  and  C)  Anode  and  cathode  potentials  of  MFCs  with  different  air-cathodes  at  different  current  densities;  (B  and  D)  polarization  and  power  density  curves  of  MFCs  with 
different  air-cathodes. 
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assigned  to  P-C  and  P-0  groups,  respectively,  which  was  re¬ 
ported  to  contribute  to  the  highly  electrocatalytic  activity  for  ORR 

[21]. 

3.3.  MFCs  performance 

Single  chamber  air-cathode  MFCs  were  built  by  using  graphite 
brush  anodes  and  air-cathodes  with  different  ORR  catalysts.  The 
cell  voltages  were  recorded  versus  time  for  about  six  cycles.  As 
shown  in  Fig.  2,  the  air-cathode  with  CP-1000  catalyst  generated  a 
stable  and  high  voltage  of  about  0.61  V,  which  was  higher  than  the 
air-cathodes  with  P-doped  carbon  prepared  at  other  temperature 
and  Pt/C  catalysts  (0.54  V).  While  the  air-cathode  with  P-free  car¬ 
bon  catalyst  from  pure  cellulose  only  displayed  a  voltage  of  about 
0.38  V.  Moreover,  according  to  the  V—t  curves,  after  running  for 
more  than  six  cycles  (over  80  h),  no  voltage  decay  was  observed  for 
the  cathode  with  CP-1000  catalyst,  indicating  a  very  good  stability. 

The  polarization  and  power  density  curves  of  MFCs  equipped 
with  different  air-cathodes  were  measured  and  shown  in  Fig.  3. 
In  order  to  exclude  the  effect  of  anode  on  the  performance  MFCs, 
the  potentials  of  anodes  and  cathodes  were  measured  respec¬ 
tively  and  shown  in  Fig.  3A  and  C.  The  anode  potentials  for  all  the 
MFCs  were  almost  the  same  while  the  cathodic  potentials  varied 
with  different  catalysts,  representing  that  the  performance  of 
MFCs  was  only  determined  by  the  air-cathode.  The  power  density 
generated  by  the  air-cathodes  with  different  catalysts  were 
shown  in  Fig.  3B  and  D  and  their  maximum  power  density 
sequence  was:  MC-1000  (474  ±  21  mW  m-2)  <  CP-800 
(946  ±  56  mW  itT2)  <  CP-1100  (995  ±  32  mW  m~2)  <  CP- 
900  «  Pt/C  (1220  ±  44  mW  m~2)  <  CP-1000 
(1312  ±  82  mW  m”2).  The  air-cathode  with  CP-1000  catalyst 
showed  the  best  MFC  performance.  It  generated  a  maximum 
power  density  of  1312  ±  82  mW  m-2,  which  was  nearly  three 
times  as  that  with  the  P-free  MC-1000  catalyst 
(474  ±  21  mW  m-2)  and  slightly  higher  than  that  with  Pt/C 
catalyst.  The  air-cathode  with  Pt/C  catalyst  in  this  paper  was 
prepared  by  rolling  method  and  generated  a  power  density  of 
about  1220  ±  44  mW  m-2  in  MFC,  which  was  similar  to  the 
air-cathode  prepared  by  brushing  Pt/C  catalyst  onto  carbon  mesh 
and  run  under  the  similar  conditions  [26].  This  result  further 
confirmed  that  the  CP-1000  catalyst  showed  high  efficient  elec¬ 
trocatalytic  activity  in  MFCs.  Moreover,  the  high  efficient  elec¬ 
trocatalytic  activity  of  the  P-doped  carbon  catalysts  could  be 
ascribed  to  the  P  doping  in  the  carbon  catalyst. 

4.  Conclusions 

The  P-doped  catalyst  was  successfully  prepared  by  pyrolyzing 
cellulose  phosphate  and  showed  outstanding  catalytic  activity  for 
ORR  in  the  air-cathode  of  MFCs.  The  maximum  power  density 
generated  by  the  air-cathode  with  P-doped  carbon  catalyst  was 
1312  ±  82  mW  m  2,  which  was  higher  than  the  air-cathode  with  Pt/ 
C  catalyst.  The  high  catalytic  performance  could  be  ascribed  to  the  P 
doping  in  the  carbon  catalyst.  The  cellulose  phosphate  was  one 
kind  derivative  of  cellulose  and  show  characteristics  of  low-cost, 
renewability  and  easy  mass  production.  Thus,  the  P-doped  carbon 


would  be  a  low-cost  and  high-performance  ORR  cathode  catalyst 
for  scale-up  MFCs. 
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